The endosperm of cereal grains is one of the most valuable products of modern agriculture. Cereal endosperm development comprises different phases characterized by mitotic cell proliferation, endoreduplication, the accumulation of storage compounds, and programmed cell death. Although manipulation of these processes could maximize grain yield, how they are regulated and integrated is poorly understood. We show that the Retinoblastoma-related (RBR) pathway controls key aspects of endosperm development in maize. Down-regulation of RBR1 by RNAi resulted in up-regulation of RBR3-type genes, as well as the MINICHROMOSOME MAINTE-NANCE 2-7 gene family and PROLIFERATING CELL NUCLEAR ANTI-GEN, which encode essential DNA replication factors. Both the mitotic and endoreduplication cell cycles were stimulated. Developing transgenic endosperm contained 42-58% more cells and ∼70% more DNA than wild type, whereas there was a reduction in cell and nuclear sizes. In addition, cell death was enhanced. The DNA content of mature endosperm increased 43% upon RBR1 downregulation, whereas storage protein content and kernel weight were essentially not affected. Down-regulation of both RBR1 and CYCLIN DEPENDENT KINASE A (CDKA);1 indicated that CDKA;1 is epistatic to RBR1 and controls endoreduplication through an RBR1-dependent pathway. However, the repressive activity of RBR1 on downstream targets was independent from CDKA;1, suggesting diversification of RBR1 activities. Furthermore, RBR1 negatively regulated CDK activity, suggesting the presence of a feedback loop. These results indicate that the RBR1 pathway plays a major role in regulation of different processes during maize endosperm development and suggest the presence of tissue/organlevel regulation of endosperm/seed homeostasis. seed development | endocycle T he seed endosperm is a triploid tissue resulting from the fusion of one haploid sperm nucleus with the diploid central cell nucleus within the female gametophyte. Development of the endosperm in flowering plants is characterized by acytokinetic mitoses of the primary endosperm nucleus, resulting in a syncytium, cellularization of syncytial nuclear domains, and cell proliferation through mitotic activity that is coupled to cell division (1, 2). Additionally, in the Poaceae (grass) family, the endosperm undergoes a rapid growth phase that coincides with accumulation of storage compounds, such as starch and storage proteins, during a specialized type of cell cycle known as endoreduplication. Endoreduplication is characterized by one or more rounds of DNA synthesis in the absence of mitosis, resulting in polyploid cells (3-5). Endoreduplication is highly correlated with cell size in many plant and animal tissues, but its role in endosperm development has not been established. Upon completion of endoreduplication and storage metabolite synthesis, cereal endosperm cells undergo programmed cell death (PCD), resulting in extensive DNA degradation (5, 6). In maize (Zea mays L.), endosperm cells transition from a mitotic to an endoreduplication cell cycle at approximately 8 d after pollination (DAP), and PCD becomes obvious at approximately 16 DAP. Manipulation of cell cycle regulation and cell death during endosperm development could potentially increase grain yield and perhaps improve its quality, yet a detailed understanding of the factors underlying control and integration of these processes is lacking.
The endosperm of cereal grains is one of the most valuable products of modern agriculture. Cereal endosperm development comprises different phases characterized by mitotic cell proliferation, endoreduplication, the accumulation of storage compounds, and programmed cell death. Although manipulation of these processes could maximize grain yield, how they are regulated and integrated is poorly understood. We show that the Retinoblastoma-related (RBR) pathway controls key aspects of endosperm development in maize. Down-regulation of RBR1 by RNAi resulted in up-regulation of RBR3-type genes, as well as the MINICHROMOSOME MAINTE-NANCE 2-7 gene family and PROLIFERATING CELL NUCLEAR ANTI-GEN, which encode essential DNA replication factors. Both the mitotic and endoreduplication cell cycles were stimulated. Developing transgenic endosperm contained 42-58% more cells and ∼70% more DNA than wild type, whereas there was a reduction in cell and nuclear sizes. In addition, cell death was enhanced. The DNA content of mature endosperm increased 43% upon RBR1 downregulation, whereas storage protein content and kernel weight were essentially not affected. Down-regulation of both RBR1 and CYCLIN DEPENDENT KINASE A (CDKA);1 indicated that CDKA;1 is epistatic to RBR1 and controls endoreduplication through an RBR1-dependent pathway. However, the repressive activity of RBR1 on downstream targets was independent from CDKA;1, suggesting diversification of RBR1 activities. Furthermore, RBR1 negatively regulated CDK activity, suggesting the presence of a feedback loop. These results indicate that the RBR1 pathway plays a major role in regulation of different processes during maize endosperm development and suggest the presence of tissue/organlevel regulation of endosperm/seed homeostasis. seed development | endocycle T he seed endosperm is a triploid tissue resulting from the fusion of one haploid sperm nucleus with the diploid central cell nucleus within the female gametophyte. Development of the endosperm in flowering plants is characterized by acytokinetic mitoses of the primary endosperm nucleus, resulting in a syncytium, cellularization of syncytial nuclear domains, and cell proliferation through mitotic activity that is coupled to cell division (1, 2) . Additionally, in the Poaceae (grass) family, the endosperm undergoes a rapid growth phase that coincides with accumulation of storage compounds, such as starch and storage proteins, during a specialized type of cell cycle known as endoreduplication. Endoreduplication is characterized by one or more rounds of DNA synthesis in the absence of mitosis, resulting in polyploid cells (3) (4) (5) . Endoreduplication is highly correlated with cell size in many plant and animal tissues, but its role in endosperm development has not been established. Upon completion of endoreduplication and storage metabolite synthesis, cereal endosperm cells undergo programmed cell death (PCD), resulting in extensive DNA degradation (5, 6) . In maize (Zea mays L.), endosperm cells transition from a mitotic to an endoreduplication cell cycle at approximately 8 d after pollination (DAP), and PCD becomes obvious at approximately 16 DAP. Manipulation of cell cycle regulation and cell death during endosperm development could potentially increase grain yield and perhaps improve its quality, yet a detailed understanding of the factors underlying control and integration of these processes is lacking.
Cylin-Dependent Kinase (CDK) and Retinoblastoma-Related (RBR) genes play fundamental roles in cell cycle regulation in all higher eukaryotes (7, 8) . They control the onset of DNA replication but also regulate other phases of the cell cycle as well as cell cycle-independent processes (9, 10) . RBR genes generally restrict cell cycle progression by preventing S-phase through inhibition of gene expression programs that depend on adenovirus E2 promoter binding factor (E2F) transcription factors. In turn, RBRs can be inhibited through phosphorylation by CDK activity, which stimulates downstream gene expression and cell cycle progression. Although these mechanisms are well known, it is not clear whether RBR genes play a role in cell cycle regulation during cereal endosperm development or whether they function in a pathway that depends on specific CDKs. The cereal RBR gene family is more complex than that in other plants. According to phylogenetic, gene expression, and functional studies, at least two distinct types of RBR genes, RBR1 and RBR3, have been identi-
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Cereal endosperm is a key source of dietary calories and raw materials for countless manufactured goods. Understanding how the cell cycle is regulated during endosperm development could lead to increased crop yield. We show that a maize Retinoblastoma-related gene, RBR1, plays a central role in regulating gene expression, endoreduplication, and the number, size, and death of endosperm cells. RBR1 is genetically coupled to Cyclin Dependent Kinase A;1 in controlling endoreduplication but not gene expression. Seeds down-regulated for RBR1 develop normally, which suggests higher-order control mechanisms regulating endosperm development that are superimposed on cell cycle regulation. To whom correspondence may be addressed. E-mail: psabelli@ag.arizona.edu or blarkins2@ unl.edu. fied in grasses. Additionally, the maize genome possesses almost identical paralogs to RBR1 and RBR3, which are termed RBR2 and RBR4, respectively (9, (11) (12) (13) . Studies of cell cycle regulation in tissue culture showed that, in contrast to the cell cyclerepressive activity of RBR1, RBR3 plays a positive role in E2F-dependent gene expression, DNA replication, and the regeneration of transformed plant cells (13) , which is uncharacteristic for a member of a family of known cell cycle inhibitors. This situation is clearly more complex than in most dicots, such as Arabidopsis thaliana, which typically possess only a single RBR gene with a clear cell cycle-inhibitory function. Both the potential inactivation by phosphorylation of the maize RBR1 gene product (14) and an increase in its expression (11, 15) during endosperm development have been reported. However, whether RBRs play any role in regulating the cell cycle, endoreduplication, or other aspects of cereal endosperm development is unknown.
How cereal RBR proteins are regulated by CDKs is also unclear. Although there is compelling evidence that A-and D-type cyclins form complexes with CDKs that target RBR proteins for inhibitory phosphorylation (7), the identity of the kinase moiety is less certain. Biochemical and genetic evidence indicate that A-type CDKs may be responsible for this activity (16) (17) (18) , but no physical interaction between CDKA and RBR was found in a comprehensive interactome study of cell cycle proteins in Arabidopsis (19) . Knowledge of the role of CDKs in the cell cycle of maize is rudimentary. At least two CDKAs have been identified (20) , but their functions during endosperm development and in relation to the RBR pathway are not clear, beyond the observation that overexpression of a dominant-negative mutant form of CDKA;1 reduces endoreduplication (21) .
Here we investigated the role of RBR1 during maize endosperm development and its relationship with CDKA;1. We show that RBR1 controls gene expression programs, CDK activity, the mitotic cell cycle, endoreduplication, cell and nuclear sizes, and PCD. An RBR1-dependent pathway mediates the function of CDKA;1 in controlling endoreduplication, but the expression of RBR1-repressed genes is virtually independent from CDKA;1, suggesting the existence of distinct RBR1 activities with different susceptibilities to inhibition by CDKA;1. Despite the above alterations in the pathways controlling the cell cycle and PCD, mutant RBR1 RNAi kernels displayed essentially normal growth parameters, suggesting the presence of compensatory mechanisms governing tissue or organ homeostasis.
Results

Generation of RBR1DS1 Transgenic Endosperm and RBR-Specific
Antibodies. A transgenic maize line that down-regulated RBR1 in developing endosperm, termed RBR1DS1, was obtained by embryo transformation with a DNA construct producing a double-stranded hairpin RNA under control of the maize 27-kDa γ-zein promoter (Fig. 1A) . This well-characterized promoter is highly active throughout the endosperm from approximately 8 DAP (Fig. S1A) , which typically coincides with the onset of the endoreduplication cell cycle (21, 22) . Because of the high degree of nucleotide sequence identity (∼93%) between the region of RBR1 targeted by RNAi and the corresponding domain of the closely related RBR2 gene, this construct could have conceivably simultaneously down-regulated both RBR1 and RBR2. However, collateral down-regulation of the more distantly related RBR3-type genes (∼63% identity with RBR1), RBR3 and RBR4, would be unlikely.
Selected domains of RBR1 and RBR3 proteins were expressed as GST fusions in Escherichia coli ( Fig. 1 A and B) and the corresponding antisera generated. Two affinity-purified antibodies were obtained against the N-terminal (GST-RBR1N) and large pocket (GST-RBR1P) domains of RBR1 and termed α-RBR1N and α-RBR1P, respectively. Another antibody, α-RBR3N, was raised against the N-terminal domain of RBR3 (GST-RBR3N). When tested against purified recombinant proteins, α-RBR3N detected a 36-kDa band corresponding to GST-RBR3N but did not react with GST-RBR1N. The two RBR1 antibodies identified the respective GST-RBR1N and GST-RBR1P antigens but did not react with the corresponding domains of RBR3. No antibody detected the GST moiety (Fig. 1C) . Thus, the antibodies were specific for RBR1 or RBR3 proteins. We next tested whether the two RBR1 antibodies could identify RBR1 protein in endosperm extracts (Fig.  1D ). α-RBR1P detected a single band of ∼96 kDa, which is the predicted molecular mass of RBR1. The α-RBR1N antibody also detected a band of that size, as well as several backgrounds bands, indicating that it also identified endogenous RBR1.
Up-Regulation of E2F Targets upon RBR1 Down-Regulation. Transcript levels were measured by real-time RT-PCR in RNA extracted from wild-type and RBR1DS1 endosperms at 10, 13, 16, 19, and 22 DAP isolated from ears segregating for the transgene ( Fig. 2A) . This period spans the phase of extensive endoreduplication. Compared with wild type, RBR1 expression in RBR1DS1 endosperm displayed a downward trend between 10 DAP (0.8-fold) and 22 DAP (0.3-fold). RBR2 expression, which follows an upward trend during endosperm development similar to RBR1 (Fig. S1D ) (11) , was also down-regulated in the mutant (0.4-to 0.6-fold). In contrast, expression of RBR3-4 transcripts steadily increased by as much as five-to sixfold, with a peak at 19 DAP. By 22 DAP, the levels of RBR3-4 RNA declined, relative to 19 DAP, but were still higher than in control (2.3-to 2.4-fold). The up-regulation of RBR3 upon down-regulation of RBR1 confirmed previous findings, which revealed that RBR3 expression is under negative regulation by RBR1 (11, 12) . RBR4 is a recently identified member of the RBR gene family (9) with unknown endosperm expression pattern. We thus determined that RBR4 RNA is associated with the mitotic phase of endosperm development (i.e., before 11 DAP) ( Fig. S1B ) and is negatively regulated by RBR1 ( Fig. 2A) , both of which are true of RBR3.
Additionally, we measured transcripts of the MINICHROMO-SOME (MCM) 2-7 gene family and the PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA) subunit of DNA polymerase δ. Expression of these DNA replication factors is negatively regulated by RBR through inhibition of E2F in higher eukaryotes (13, 23, 24) , and they would be expected to be upregulated upon RBR1 inactivation or loss in maize. The expression of all these genes was indeed increased in transgenic endosperm (up to ∼15-fold for MCM7), with a significant peak at 19 DAP, similar to those of RBR3-4 (P < 0.05 for RBR3-4, MCM2-7, and PCNA, Student t test). However, PCNA was an exception, because its expression continued to increase (up to sevenfold) at 22 DAP ( Fig. 2A) . Analysis by end-point RT-PCR essentially confirmed these results (Fig. S2) . Thus, the up-regulation of E2F targets indicated that although there were residual levels of RBR1-2 transcripts, RBR1 activity was substantially down-regulated in RBR1DS1 mutant endosperm.
We next analyzed RBR1, RBR3, and MCM3 protein expression levels by Western blotting of 16-DAP endosperm extracts. RBR1 and MCM3 are normally present in endoreduplicating wild-type endosperm, whereas RBR3 protein is not detectable (Fig. 2B and Fig. S1C ) (11) . However, no ∼96-kDa band was detected in transgenic endosperm with either of the two anti-RBR1 antibodies, whereas RBR3 was clearly expressed and MCM3 was up-regulated. The α-RBR1P antibody identified RBR1 unambiguously, whereas α-RBR1N cross-reacted with several other abundant polypeptides, one of which almost comigrated with the RBR1 band in 16-DAP extracts but was not present at 9 DAP. Together, these results indicate the RNAi pathway triggered by RBR1DS1 not only affected the steady-state level of RBR1 RNA but also had a major effect on accumulation of the encoded protein, which resulted in upregulation of E2F-dependent gene expression.
Stimulation of Endoreduplication by Down-Regulation of RBR1. We next investigated whether the endoreduplication cell cycle was affected by down-regulation of RBR1. The same segregating endosperms that were characterized with respect to patterns of gene expression were also analyzed by flow cytometry to measure nuclear ploidy levels. The mean ploidy of RBR1DS1 endosperm nuclei increased up to 43% between 13 DAP and 16 DAP relative to wild-type endosperm, and this effect was sustained for the duration of the period of endosperm development analyzed (i.e., up to 22 DAP) (Fig. 3A) . Comparisons of flow cytometric profiles at 16 DAP revealed more high-ploidy (≥24C) nuclei in RBR1DS1 relative to wild-type endosperm ( Fig. 3B and Fig.  S3A ). The frequency of 24C, 48C, 96C, and 192C endosperm nuclei in RBR1DS1 increased 1.4-, 2-, 4.3-, and 39-fold, respectively, compared with wild-type endosperm. This was accompanied by a 0.9-fold reduction in the frequency of 3C nuclei (Fig. 3B) . The increased amount of DNA in 48C, 96C, and 192C nuclei (1.5-, 3.6-, and 33-fold, respectively) in transgenic endosperm was accompanied by decreased DNA in 3C, 6C, and 12C nuclei (0.6-, 0.7-, and 0.7-fold, respectively) ( Fig. 3C ). These results are consistent with the changed patterns in gene expression and indicate that down-regulation of RBR1 resulted in a sustained up-regulation of the endoreduplication cell cycle.
In addition, measurements in 19-DAP and mature, segregating endosperms through a PicoGreen-based assay revealed 69% and 43% DNA increases, respectively, in RBR1DS1 endosperm (Table 1 and Table S1 ). Endosperm DNA content (per mg dry flour ± SEM) was also measured spectrophotometrically, which at 19 DAP gave 1,412.4 ± 157.6 ng for RBR1DS1 and 1,111.9 ± 229.3 ng for wild-type endosperm (+26% in transgenic endosperm). At maturity, RBR1DS1 endosperm contained 156.7 ± 5.6 ng vs. 140.3 ± 7.1 ng for wild type (+11% in transgenic endosperm). Because RBR1DS1 endosperm contained significantly more DNA than wild type according to two different criteria, we concluded that stimulation of endoreduplication in RBR1DS1 endosperm was sustained during endosperm development and resulted in increased DNA content in mature seeds.
Down-Regulation of RBR1 Stimulates Endosperm Cell Death. Although RBR1DS1 endosperm contained more DNA than wild type at 19 DAP, at maturity this difference was attenuated by 38-58%. This suggested that PCD was enhanced in RBR1DS1 endosperm. To determine whether DNA degradation was affected by downregulation of RBR1, we measured the proportion of low-molecularweight DNA (i.e., <1,000 bp) in mature transgenic and wild-type endosperm ( Fig. 4A and Fig. S3B ). RBR1DS1 endosperm had between 1.6-and 2.3-fold more low-molecular-weight DNA compared with wild type, indicating that DNA degradation was intensified by the down-regulation of RBR1.
Release of cytochrome c from mitochondria is a hallmark of PCD in both mammals and plants and generally precedes DNA degradation and cell death (25) . PCD is normally detectable in maize endosperm by 16 DAP (6). Thus, we determined whether Presence or absence of the RBR1DS1 transgene (as scored by PCR) in 16-DAP transgenic (+) and wild-type (-) endosperm, respectively. RBR1 protein in wildtype endosperm extracts was detected using two different antibodies (α-RBR1P and α-RBR1N). Actin protein was detected as a loading control. RBR1 and up-regulated polypeptides are indicated by arrowheads. Both transcript and protein analyses were carried out on half endosperms dissected from wild-type and RBR1DS1 kernels from segregating ears.
RBR1 down-regulation altered the relative distribution of cytochrome c between mitochondria and cytosol in 19-DAP endosperm (Fig. 4B) . Mitochondria-and cytosol-enriched fractions were assayed by Western blot analysis using antibodies against cytochrome c, the α-subunit of mitochondrial F 1 -ATPase (a control for the quality of the subcellular preparations) and actin (a gel loading control). Whereas αATPase was prevalent in the mitochondrial fraction in both wild-type and RBR1DS1 extracts, cytochrome c was preferentially found in the cytosolic fraction, consistent with the notion that PCD was ongoing at this stage of endosperm development. The cytosol/mitochondria ratio for cytochrome c was increased (by 70%) in RBR1DS1 endosperm relative to wild type, whereas virtually no change was observed for αATPase and actin. Thus, increased mitochondrial release of cytochrome c was in agreement with enhanced DNA degradation in RBR1DS1 endosperm, which indicated that PCD was stimulated by RBR1 down-regulation.
Protein Levels in Transgenic RBR1DS1 Endosperm Are Similar to Those in Wild Type. To determine whether increased endoreduplication associated with down-regulation of RBR1 affected accumulation of endosperm proteins, we compared protein contents in transgenic and wild-type endosperms. Maize endosperm proteins include storage prolamins (i.e., zein) and metabolic and/or structural proteins (i.e., nonzein) comprising albumins, globulins, and other minor components (26) . Both zein and nonzein protein fractions were measured in 19-DAP RBR1DS1 and wild-type endosperms (Table 1 and Table S2 ), and no significant differences were found. A similar result was obtained for zein in mature endosperm. However, the amount of nonzein proteins in mature RBR1DS1 endosperm was 19% higher than in wild type (16.5 vs. 14.7 μg protein/mg flour). Gel electrophoresis analyses of endosperm proteins were consistent with these results (Fig. S3C) . The amount of protein relative to DNA was calculated for 19-DAP and mature endosperms of both genotypes (Table 1 and  Table S3 ). At 19 DAP the zein content of wild-type endosperm was 0.3 μg/ng DNA, whereas RBR1DS1 endosperm contained 0.14 μg/ng DNA, which represented a 53% decrease. Similarly, the nonzein protein/DNA ratio in RBR1DS1 endosperm (0.06 μg/ng) was nearly half that of wild type (0.12 μg/ng). A similar trend was also found in mature endosperm. Thus, the increase in genome copy number in RBR1DS1 endosperm was not accompanied by a proportional increase in storage protein accumulation.
RBR1DS1 Endosperm Has Reduced Cell and Nuclear Sizes but Contains
More Cells and Develops Similar to Wild Type. To establish whether increased endoreduplication in RBR1DS1 endosperm was associated with changes in cell size, the areas of transgenic and wildtype starchy endosperm cells were compared. Three relatively large regions, zones A-C, were selected on median longitudinal sections of kernels harvested at 10, 12, 14, 16, and 18 DAP (Fig.  5A) , and comparable areas of cells were measured for the two genotypes. Cell area was reduced in RBR1DS1 endosperm for the vast majority (90%) of the cell populations that displayed significant changes (P < 0.05) between the two genotypes (Fig.  5B, Fig. S4 A and B, and Table S4 ). This reduction was generally on the order of 10-20%, but decreases up to 36% were observed. Overall, RBR1DS1 endosperm had smaller cell size than wild type by 12% at 12 and 14 DAP and by 15% at 16 DAP, but no significant differences were found at 10 or 18 DAP. Hence, increased E2F-dependent gene expression and endoreduplication in RBR1DS1 endosperm were associated with reduced rather than increased cell size, although this effect seemed to be transient over development of this tissue.
Cell and nucleus areas were compared in wild-type and RBR1DS1 cells in 16-DAP endosperms (Table 1 and Fig. S4C ). The average area of transgenic RBR1DS1 cells was 82% that of wild-type cells, and nuclear area was also similarly reduced (83%). In both genotypes, nucleus and cell areas were positively correlated to virtually the same degree (Fig. S4C ). Because both cell and nucleus areas were proportionally reduced in transgenic endosperm, no significant difference relative to wild type was found in the cell area/nucleus area ratio (Table 1) . Assuming endosperm cells and nuclei are roughly isodiametric, these observations indicate that increased DNA content in RBR1DS1 cells is associated with similar decreases in cell and nuclear sizes, resulting in virtually unaltered karyoplasmic ratios compared with wild type.
RBR1DS1 kernels did not seem to develop differently from wild type with respect to structure and size (Fig. S5) , nor was their weight significantly different at maturity (Table 1 ). These observations, coupled with the smaller average cell size in the mutant, suggested that RBR1DS1 endosperm contained a larger number of cells than wild type, resulting from increased cell division activity. The number of cells in 19-DAP wild-type and RBR1DS1 endosperms was estimated according to total DNA content and mean ploidy measurements (Table S5 ) and was also measured directly in 16-DAP tissue sections (Table 1 and Fig.  S4A ). Mutant endosperm contained 42-58% more cells than wild type, indicating down-regulation of RBR1 stimulated cell proliferation.
CDKA;1 Controls Endoreduplication, but Not Gene Expression, Through an RBR1-Dependent Pathway. Earlier work showed that CDKA;1 is required for endoreduplication in maize endosperm (21), but endosperms. Significance levels of pair-wise differences between control and transgenic RBR1DS1 values as determined by Student t test: *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SEMs. All analyses were carried out on dissected endosperms from genotyped kernels segregating on the same ears. Each bar represents the mean of 5-12 samples.
whether CDKA;1 controls endoreduplication or downstream gene expression through RBR1 is not known. The dominant-negative CDKA1DN allele reduces CDKA;1 activity and endoreduplication by approximately 50% (21) . Hemizygous plants carrying the CDKA1DN and RBR1DS1 transgenes were crossed, resulting in four progeny endosperm genotypes: wild type, CDKA1DN, RBR1DS1, and the double mutant CDKA1DN/RBR1DS1. The RBR1DS1 transgene did not affect expression levels of CDKA;1 (Fig. 6A) , indicating CDKA;1 protein expression levels are independent from RBR1 regulation. RNA levels of RBR1 downstream targets in the four genotypes showed that expression of all transcripts was dramatically increased in endosperm carrying the RBR1DS1 transgene (Fig. 6B) , consistent with previous observations. Relative to wild type, CDKA1DN endosperm did not display any significant changes (P > 0.05, Student t test) in levels of RBR1-repressed transcripts. We found the MET1-homolog RNA, DMT101, followed the same pattern of expression as other RBR1 targets (Fig. 6D) . Similarly, the CDKA1DN mutation did not significantly affect gene expression when present in combination with RBR1DS1, with the exception of RBR4 and PCNA. Thus, we concluded that CDKA;1 does not control expression of RBR1 target genes, and to a large extent this is true regardless of RBR1 activity.
Based on phosphorylation of histone H1, RBR1DS1 endosperm had considerably higher CDK activity than wild type (3.9-fold ± 0.9 SEM, on the basis of three experiments) (Fig. 6A) , indicating that RBR1 normally plays a CDK inhibitory role. Kinase activity decreased in the double CDKA1DN/RBR1DS1 mutant relative to RBR1DS1, but it was higher than in the CDKA1DN mutant. This suggests that down-regulation of RBR1 up-regulated both CDKA;1-dependent and -independent CDK activities.
Nuclear DNA contents in endosperms of the four genotypes resulting from the CDKA1DN × RBR1DS1 cross were measured by flow cytometry (Fig. 6C) . As expected from previous results, CDKA1DN endosperm had a much-reduced mean ploidy level (6.6C) than wild type (12.1C), whereas the DNA content of RBR1DS1 endosperm nuclei was increased (15.4C). Mean ploidy of the CDKA1DN/RBR1DS1 mutant, however, was not significantly different from RBR1DS1. These results indicate that although CDKA;1 is required for endoreduplication, it can only fulfill this role in the presence of RBR1.
Discussion
We have established RBR1 as a central regulator of maize endosperm development. RBR1 controls downstream gene expression, CDK activity, endoreduplication, cell proliferation, cell size, nuclear size, and cell death (Fig. 7) . Furthermore, genetic evidence indicates that CDKA;1 controls endoreduplication through an RBR1-dependent pathway, but it has virtually no impact on expression of RBR1-repressed genes. These results shed light on the functions of CDKA;1 and RBR1 and the role of endoreduplication during cereal endosperm development.
Control of Gene Expression by RBR1. Down-regulation of RBR1 protein during maize endosperm development results in upregulation of several RBR1 targets, such as RBR3-4, MCM2-7, and PCNA. RBR3 is repressed by RBR1 in embryogenic callus, where cells are undifferentiated, divide rapidly, and generally lack endoreduplication (11, 13) . The present investigation demonstrates that RBR3 expression is similarly regulated in terminally differentiated, endoreduplicating endosperm cells. In addition, we found that the recently identified RBR4 gene (9) has an overall pattern of RNA expression during endosperm development similar to RBR3, and is also negatively regulated by RBR1. In contrast, RBR2 RNA level during endosperm development expression shows an upward trend, resembling that of the closely related RBR1 gene (11) . Publicly available transcriptomic datasets (http://qteller.com/ qteller3/) indicate that RBR2 and RBR4 are expressed at considerably reduced absolute levels compared with RBR1 and RBR3, respectively. Thus, these observations collectively indicate that RBR2 and RBR4 share similar regulation and potentially similar functions with their respective paralogs, RBR1 and RBR3.
The up-regulation of downstream targets upon RBR1 downregulation can be rather dramatic, as in the case of several MCM genes. Their increase in gene expression becomes pronounced at approximately 13 DAP, generally reaches a peak at 19 DAP, and is sustained at least until 22 DAP. However, under closer inspection, it is apparent that at least two major gene expression patterns exist. One, typical of RBR3-4 and the MCM2-7 genes, displays a steady increase in RNA levels up to 19 DAP, followed by a decline by 22 DAP. The other, represented by PCNA, involves a continuous RNA increase at least up to 22 DAP. RBR3 plays a positive role in regulating expression of the MCM2-7 Complete analysis is shown in Fig. S4B and Table S4. gene family in tissue culture (13) , and data presented here are consistent with a similar role in the endosperm. Members of the RBR gene family, however, can have redundant roles (9, 27) , and the possibility that RBR3 could, at least in part, substitute for RBR1 in repressing endosperm gene expression (12) cannot be ruled out. Down-regulation of CDKA;1 did not result in a significant decrease in expression of RBR1 targets, indicating that RBR1 activity controlling gene expression is not inhibited by CDKA;1. This finding contrasts with recent results in Arabidopsis showing that CDKA;1 is required for expression of RBR1 targets (18).
CDKA;1/RBR1 Pathway Controls Endoreduplication During Endosperm
Development. The CDKA;1/RBR1 pathway plays an important role in regulation of maize endosperm endoreduplication. RBR1 inhibits endoreduplication, and down-regulation of RBR1 stimulates it. This observation is in agreement with previous results in tobacco (23) and Arabidopsis (28) but contrasts a recent report in which Arabidopsis RBR1 was down-regulated by RNAi (29) .
In plants, CDKA protein may have an S-phase or M-phase regulatory function, based primarily on the type of associated cyclin (7) . However, it is not always possible to precisely determine the composition of CDK complexes, partly because of the redundancy in gene families encoding these proteins. Considerable evidence implicates CDKA activity in control of endoreduplication in plants, and in most cases CDKA is required for endoreduplication (7) . However, at least in certain systems, CDKA activity has been reported to inhibit it (30) . In maize, there are at least two CDKA-related genes, and their respective roles in the endosperm are largely unknown. It is generally believed the alternation of G-and S-phases during endoreduplication requires activation of pathways controlling DNA replication and/or downregulation of those that promote mitosis and cytokinesis. Accordingly, dividing cells would suppress CDK complexes involved CDKA1DN, RBR1DS1 , and CDKA1DN/RBR1DS1) derived from a CDKA1DN × RBR1DS1 cross. Antibodies against CDKA;1 (α-CDKA;1) recognize both the endogenous and the mutant CDKA1DN proteins. CDKA1DN protein is specifically recognized by antibodies against human influenza hemagglutinin epitope tag (α-HA), which was engineered in its sequence (21) . Antibodies against actin were used as gel loading control. (Bottom) Phosphorylation of histone H1 substrate by p13
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-adsorbed kinase activity in the four genotypes. (B) Expression levels of RBR1 target transcripts in 19-DAP endosperms of the four genotypes described in A. Bars represent the mean of three biological replicates each made from four, pooled endosperm RNAs. (C) Mean ploidy levels in 19-DAP endosperms of the four genotypes described in A. Significance levels of pair-wise comparisons with CDKA1DN according to Student t test: *P < 0.05; **P < 0.001. (D) RNA expression levels of the DNA METHYLTRANSFERASE 1 homolog, DMT101, in the four genotypes described in A. Datapoint composition as described in B. All analyses were carried out on dissected endosperms from genotyped kernels segregating on the same ear. Error bars indicate SEMs.
in regulation of M-phase (31), preventing cell division and making cells competent for endoreduplication. This switch is believed to usually be associated with initiation of cell differentiation (32, 33) . Subsequently, precise fluctuations in CDK activities between Gand S-phases enable these cells to sustain an endoreduplication cell cycle.
The outcome of expressing a dominant negative CDKA;1 allele indicate CDKA;1 is required for endoreduplication in maize endosperm and suggests that CDKA;1 activity plays a necessary role in regulating S-phase in this type of cell cycle. Our data show that down-regulation of CDKA;1 inhibits endoreduplication, but this effect is essentially abolished in cells in which RBR1 is also down-regulated, such as in the CDKA1DN/RBR1DS1 mutant. These observations indicate epistatic regulation between CDKA;1 and RBR1 and that CDKA;1 controls endoreduplication through an RBR1-dependent pathway, most likely by targeting RBR1 for inhibitory phosphorylation.
Activity and Role of RBR1 During Endosperm Development. Our results show there is substantial RBR1 activity during the endoreduplication phase of endosperm development. RBR1 seems to antagonize and limit the extent of endoreduplication during maize endosperm development, which is consistent with the induction of endoreduplication by down-regulation of RBR1 in tobacco and overexpression of E2Fa/DPa in Arabidopsis (23, 34) .
CDKA;1 likely functions as an S-phase kinase and targets RBR1 for inhibition during maize endosperm development. This conclusion is supported by the phosphorylation of RBR1 by CDK complexes containing A-type cyclins (11) . These complexes are inhibited by maize ICK/KRP-type CDK inhibitors, which typically target complexes containing CDKA (35) . Down-regulation of RBR1 also results in a substantial increase of p13
Suc1 -adsorbed CDK activity, which contains CDKA;1. The inhibition of CDKA;1 activity by RBR1 suggests the presence of a regulatory feedback loop whereby down-regulation of RBR1 stimulates CDKA;1 activity, which could further inhibit RBR1. However, RBR1 also seems to inhibit the activity of CDK(s) other than CDKA;1. It is possible that B-type CDKs, which are unique to plants and thought to primarily control the G2/Mphase transition during the mitotic cell cycle, are responsible for this RBR1-repressible activity (18) . In Arabidopsis, CDKB1;1 targets the CDKA1;1 inhibitor KRP2 for proteasome-dependent degradation, thereby stimulating CDKA1;1 activity and M-phase (36) . Expression of a B-type CDK may be repressed by RBR1 in maize endosperm, and thus a similar mechanism could account for increased CDKA;1 activity and cell proliferation that characterize RBR1DS1 endosperm.
An important conclusion of this investigation is that the roles of CDKA;1 and RBR1 during maize endosperm development are partially uncoupled. Although the RBR1 activity that represses gene expression and endoreduplication can be severely decreased by down-regulating RBR1, only the component inhibiting endoreduplication can be substantially stimulated by decreased CDKA;1 activity. These observations suggest there might be at least two RBR1-dependent pathways controlling downstream effects in the endosperm: one controlling endoreduplication, which is dependent on the activity of CDKA;1 (and presumably on the phosphorylation state of RBR1), and another inhibiting expression of E2F targets, which is CDKA;1-independent. These findings are in contrast to the observation in Arabidopsis that both cell cycle activity and RBR1-dependent gene expression are controlled by CDKA;1 (18) and highlight the greater degree of complexity of the CDK-RBR pathway in maize and related cereal crops. This likely reflects the functional specialization of individual members within maize CDKA and RBR gene families, whereas these activities are encoded by single genes in Arabidopsis (11, 20) .
RBR1 seems to inhibit endosperm cell proliferation. This observation implies two alternative, non-mutually exclusive scenarios. On the one hand, endoreduplicated cells could reenter the mitotic cell cycle upon down-regulation of RBR1, but this seems unlikely owing to large numbers of intracellular starch granules. Indeed, we did not observe an increase in mitotic figures in endoreduplicating RBR1DS1 endosperms. On the other hand, the developmental window in which cell division takes place before endoreduplication could be extended in RBR1DS1 endosperm. This scenario could have important implications about the activity of the 27-kDa γ-zein promoter, which controls the expression of the RBR1DS1 allele, and the role of endoreduplication in the accumulation of storage proteins. In fact, the increased cell division in RBR1DS1 endosperm suggests that the 27-kDa γ-zein promoter is active in both mitotic and endoreduplicating cells. This interpretation is consistent with the presence of high levels of 27-kDa γ-zein transcript throughout the endosperm as early as 8 DAP (22) and suggests the onset of storage protein gene expression may precede, rather than accompany or follow, endoreduplication. However, it seems at odds with the lack of an effect on cell division when the same promoter was used to express the CDKA1DN allele (21) . It is also possible RBR1DS1 expression is restricted to endoreduplicated cells and, as a result, that some diffusible factor, perhaps a small RNA molecule, feeds back to mitotic cells, thereby stimulating cell proliferation.
Another function of RBR1 in the endosperm is to control cell death. PCD starts approximately 16 DAP in maize endosperm and involves extensive DNA degradation, which is especially prominent during endosperm maturation (5, 6) . DNA degradation is more pronounced in mature RBR1DS1 endosperm compared with wild type and is accompanied, at an earlier stage, by increased release of cytochrome c from mitochondria, a hallmark of PCD (25) . PCD was enhanced in RBR1DS1 mutant endosperm, which points to an inhibitory role for RBR1 in this process. This is consistent with inhibition of PCD in animals and tobacco by RBR proteins (37) (38) (39) (40) . However, it is not clear whether RBR1 has a direct PCD inhibitory function, or rather that increased endoreduplication stimulates cell death in RBR1DS1 endosperm (6) .
Role of Endoreduplication in Endosperm Development. Strong correlations between endoreduplication, nuclear size, and cell size have been observed in many systems, including the endosperm of maize (5) . One of the proposed functions of endoreduplication is to support high rates of gene expression and metabolic output to induce cell/tissue growth (4, 5, (41) (42) (43) (44) . Indeed, inner starchy endosperm cells are much larger and possess bigger nuclei than the low-ploidy cells at the periphery of the endosperm. Consistent with this view, a strong correlation also exists between nuclear size, RNA transcriptional levels, and cell size (43, 45, 46) . We show that nuclear size and cell size are positively and equally correlated regardless of RBR1 down-regulation. This suggests a causal relationship between nuclear size and cell/cytoplasmic size in the endosperm, supporting the karyoplasmic ratio theory (47, 48) , and indicates that RBR1 does not impact it. However, down-regulation of RBR1 stimulates endoreduplication, with marked increases in the amount of DNA in developing and mature endosperm, while resulting in smaller cells and nuclei. These observations indicate that RBR1 is involved in coupling nuclear (and cell) size to DNA content.
What do these data reveal in terms of the function of endoreduplication in the endosperm? Inhibiting endoreduplication through down-regulation of CDKA;1 activity did not affect cell size, gene expression, and endosperm growth (21) . Increased endoreduplication in RBR1DS1 endosperm resulted in no significant changes in zein storage protein content or mature seed weight, a proxy for starch accumulation. Furthermore, whereas transgenic cells were significantly smaller between 12 and 16 DAP, they mostly appeared of normal size by 18 DAP, and the caryopsis as a whole apparently developed normally. It is thus tempting to conclude that endoreduplication does not contribute significantly to cell growth, accumulation of storage compounds, or endosperm size. However, at least two alternative explanations caution this interpretation. First, evidence presented here and elsewhere suggests the CDKA;1/RBR1 pathway plays a pivotal role in coupling endoreduplication to cell size control, and therefore perturbing this pathway may alter endoreduplication without a corresponding change in cell or organ size (21, (49) (50) (51) . Second, it seems that a compensatory mechanism, involving regulation of gene expression, was activated in response to changes in endoreduplication levels as part of endosperm homeostasis. Indeed, relative to the amount of DNA, protein content decreased dramatically in RBR1DS1 endosperm compared with wild type, suggesting the additional DNA is less transcriptionally active. This hypothesis is also supported by the decline in RNA levels of most RBR1 targets after 19 DAP. It is conceivable that this response involves modification of chromatin conformation. In Arabidopsis, maize, and rice, the endosperm genome is relatively hypomethylated (52) (53) (54) (55) . CG methylation in Arabidopsis, which is catalyzed by DNA METHYLTRASFERASE (MET) 1, has a profound and primarily repressive effect on the expression of hundreds of genes, pseudogenes, and transposons (56, 57) . In rice, local CG hypomethylation correlates with the expression of endosperm specifically or preferentially expressed genes, including those encoding highly expressed storage proteins and starch biosynthetic enzymes (55) . In maize, several imprinted genes are hypomethylated and preferentially expressed in the endosperm (58) . We found that expression of the DMT101 transcript, a maize MET1 homolog (59) , is significantly up-regulated (P < 0.05, Student t test) in RBR1DS1 endosperm (Fig. 6D) , consistent with the repression of MET1 by RBR1 in Arabidopsis (60, 61) . In mouse, expression of the MET1-homolog DNMT1 is rate-limiting for DNA methylation (62) . Thus, down-regulation of RBR1 in maize endosperm could conceivably stimulate, at least locally, DMT101-dependent hypermethylation of endoreduplicated chromatin, contributing to gene silencing. This finding agrees with the observation that nuclear size is reduced in RBR1DS1 endosperm despite increased DNA content, suggesting enhanced chromatin compaction. In support of this hypothesis, positive correlations both between nuclear size reduction and chromatin condensation and between DNA hypomethylation and nuclear size have been found in Arabidopsis seed (63) and ovarian cancer cells (64) , respectively. An alternative, but not mutually exclusive, possibility is that gene expression levels are primarily determined by a cell size-sensing mechanism, rather than by the intrinsic amount of nuclear DNA (65) . Thus, a decrease in gene expression (on a per DNA basis) could be a key component of endosperm homeostasis in RBR1DS1 kernels. These potential scenarios suggest RBR1 may play a role in differentiation of endosperm cells, allowing expression of genes required for storage compound accumulation through chromatin decondensation, and raise the possibility that endoreduplicated chromatin in RBR1DS1 endosperm might not be functionally and/or physiologically equivalent to the endoreduplicated chromatin arising during the normal development of maize endosperm.
In conclusion, RBR1 seems to control endosperm development primarily through two key mechanisms: it antagonizes cell cycle activity and stimulates nuclear and cell enlargement. The results presented here demonstrate that maize endosperm is an extremely plastic tissue capable of normal development despite considerable changes in several key parameters governing the cell cycle, the number and size of its cells, and their viability. These findings could have important implications for the manipulation of grain yield in cereal crops.
Materials and Methods
Plant Materials, Nucleic Acids, and Antibodies. All analyses refer to materials from transgenic maize (Zea mays L.) plants backcrossed with the B73 inbred at BC3 or later generations. Detailed information about constructs, the generation of transgenic plants, antibodies, nucleic acid database accession numbers, and primer sequences are given in SI Materials and Methods.
Analyses of Endosperms and Kernels. To minimize artifacts due to environmental effects and plant-to-plant variation, all comparative analyses between transgenic and wild-type genotypes were carried out using individually genotyped endosperms or kernels harvested from the middle third of ears segregating for the transgene. Samples were either analyzed independently or pooled before the assay. Procedures for extraction of nucleic acids, protein purification, RT-PCR and SDS/PAGE analyses, immunoblotting, assays of kinase activity, flow cytometry, microscopy, measurements and calculations of DNA and protein contents, cell area, nuclear area, cell number, analyses of cell death, and mature seed weight are given in SI Materials and Methods.
